There are inconsistencies in the literature regarding the association between gestational weight gain (GWG) and child adiposity. GWG is hypothesized to act on child adiposity directly through intrauterine programming and indirectly through birth weight. It is unclear if the relative importance of these pathways differs by prepregnancy BMI status. We analyzed data from 3600 participants of the nationally representative Early Childhood Longitudinal Study-Birth Cohort. Child BMI Z-score was calculated from height and weight measured at 5 y. Using linear regression, controlling for sociodemographics and family lifestyle, we examined prepregnancy BMI-specific associations between GWG and child BMI Z-score.
Introduction
The Institute of Medicine (IOM) 8 and the NRC recommend that pregnant women gain weight within defined ranges specific to their prepregnancy BMI to achieve optimal birth outcomes such as birth weight and delivery mode (1) . However, the IOM/NRC concluded that there was insufficient evidence on long-term outcomes of gestational weight gain (GWG), including child adiposity. The relationship between GWG and child adiposity is of particular interest given the obesity epidemic in the United States (2) . GWG was previously hypothesized to act on child adiposity through both an indirect and direct mechanism. GWG is positively associated with birth weight and birth weight is positively associated with BMI later in life (3) . In addition, GWG may be directly associated with an unfavorable intrauterine metabolic milieu (4, 5) , which may program children for an increased risk for later obesity (6) (7) (8) . This hypothesis is supported by animal studies (9) , but in studies of humans it has yet to be determined if the direct effect is present and large enough to be meaningful due to study limitations. In addition, maternal lifestyle is related to both GWG (10) (11) (12) and child lifestyle (13, 14) ; consequently, human studies assessing the association between GWG and child adiposity may be confounded by lifestyle.
GWG has been associated with offspring anthropometric measures during infancy (15) , childhood (16) (17) (18) (19) (20) (21) (22) , and adult-hood (23) (24) (25) ; however, due to inconsistencies and limitations of previous analyses, the presence and degree of mediation by birth weight remains unclear. Two studies used sibling analyses to control for shared lifestyle and genetics between mother and child (22, 25) and found either no association (22) or the presence of a direct intrauterine effect only in overweight and obese women (25) . Two studies have controlled for select offspring lifestyle factors (16, 18) , albeit no maternal factors, and found a positive association with minimal mediation by birth weight. Most other studies have not controlled for family lifestyle and therefore may be biased. Many of the previously published studies were based on historic cohorts (17, (21) (22) (23) (24) (25) and may have limited external generalizibility given the dramatic increase in both maternal and child obesity (26, 27) and changes in lifestyles (28, 29) since the data were collected.
We extend previous studies by using measured variable path analysis (MVPA) to decompose the relationship between GWG and child adiposity at 5 y of age among a representative sample of children born in the United States in 2001. MVPA allows for the estimation of indirect effects. Driven by our conceptual framework (Fig. 1) , we compared MVPA model fit statistics with and without the direct effect of GWG on child adiposity while controlling for sociodemographics and family lifestyle. We also assessed heterogeneity by maternal prepregnancy BMI, because it is unclear if associations between GWG and long-term outcomes differed by maternal prepregnancy BMI (1).
Participants and Methods
Data source and study population. The Early Childhood Longitudinal Study-Birth Cohort (ECLS-B) is a longitudinal study of a nationally representative cohort of children born in 2001. As required by the Department of Education, which sponsored the ECLS-B, we reported sample sizes rounded to the nearest 50 and presented all percentages as weighted population estimates. Study participants were selected from birth certificates collected by the National Center for Health StatisticsÕ Vital Statistics System. Data from participants and their parents were collected in 5 waves at approximate child ages of 9 mo and 2, 4, 5, and 6 y. The 5-y interview was the last wave that included the entire cohort, because the 6-y interview was completed only among a subsample of children who had delayed entry into or repeated kindergarten. Therefore, we used the childrenÕs BMI measured when children were~5 y old as the outcome for the present analysis.
The ECLS-B enrolled 10,700 infants, oversampling select race-ethnic groups, twins, and infants born <2500 g. Only singleton, full-term ($37 wk gestational age) infants (30) born to nondiabetic mothers (31, 32) were included in this analysis (n = 6700). Of the sample meeting our inclusion criteria, 850 children were not sampled at the 5-y wave due to budgetary restraints. An additional 1550 were lost to follow-up by the 5-y wave. To maintain a sample with demographics representative of all births in 2001, all data were weighted using ECLS-B sample weights to account for attrition and an unequal probability of selection. We performed a complete-subject analysis and excluded any records missing data for any of the study variables (n = 700). The final analytic sample consisted of 3600 children, weighted to be representative of~2.7 million children, ;84% of the sample who met the inclusion criteria.
Maternal prepregnancy BMI. At the 9-mo interview, mothers were asked their current height and prepregnancy weight. We calculated prepregnancy BMI (kg/m 2 ) and categorized mothers as underweight (BMI <18.5), normal weight (BMI 18.5-24.9), overweight (BMI 25.0-29.9), or obese (BMI $30.0) (1).
GWG. The ECLS-B includes 2 sources of GWG: the childÕs birth certificate and maternal report at the 9-mo interview. We used GWG obtained from the birth certificate (81% of records); when unavailable, we used the maternal report. We previously compared the 2 GWG measures and found no meaningful differences in birth weight epidemiological measures of association between the 2 data sources (33) . The National Center for Health Statistics codes weight loss during pregnancy as zero gain and codes any gains >44.5 kg (98 lb) as 44.5 kg on the birth certificate. We consistently coded GWG from the parent interview, such that records reporting weight loss during pregnancy (n = 50) were coded as zero gain. We excluded any records with GWG $44.5 kg (n < 50), because these values were rare and represented an unknown range of true values. Adequacy of GWG was defined according to the motherÕs prepregnancy BMI status on the basis of the 2009 IOM/NRC GWG recommendations (1): 12.5-18 kg (BMI <18.5), 11.5-16 kg (BMI 18.5-24.9), 7-11.5 kg (BMI 25.0-29.9), and 5-9 kg (BMI $30.0).
Child BMI. At the 5-y interview, children were weighed and measured twice according to a standardized protocol (34) . Age-and sex-specific BMI Z-scores and percentiles were calculated using the CDCÕs 2000 Growth Charts (35) . We categorized children as underweight (BMI <5th percentile), normal weight (BMI 5th to <85th percentile), overweight (BMI 85th to <95th percentile), or obese (BMI $95th percentile).
Sociodemographics. Maternal age at delivery, race/ethnicity, parity, marital status, and schooling were obtained from the childÕs birth certificate. Maternal participation in the Special Supplemental Nutrition Program for Women, Infants, and Children during pregnancy was ascertained during the 9-mo interview.
Family lifestyle. We used multiple maternal and child variables to assess overall family lifestyle. Maternal use of tobacco during the last 3 mo of pregnancy was ascertained during the 9-mo interview. At the 4-y interview, mothers were asked how many days in a typical week they exercised $30 min. At each interview, mothers were weighed at least twice on a digital scale. We calculated the motherÕs change in weight (kg) from prepregnancy to the 5-y interview as an indicator of her lifestyle (36) . If a motherÕs weight at the 5-y interview was unavailable, we used her weight measured at either the 4-y interview (9% of mothers) or the 6-y interview (<1% of mothers) to calculate weight change from prepregnancy.
ChildrenÕs typical weekly intake of sugar-sweetened beverages and fast-food was assessed via the 4-y parent interview (37, 38) . ChildrenÕs weekday television viewing habits were assessed at the 4-y interview by asking parents about the childÕs typical weekday time (hours) spent watching television and videos/DVD (39). We summed the 2 measures to capture the total weekday television time for each child. Using principal component analysis, we created a composite score representing family lifestyle using all of the aforementioned lifestyle related variables. This new variable explained 25.1% of the shared and unique variance in the utilized maternal and child lifestyle-related variables. Higher scores correlated with less healthy lifestyle behaviors.
Mediating variables. Using birth weight and gestational age obtained from the childÕs birth certificate, we calculated sex-specific birth-weightfor-gestational-age Z-scores according to a national reference (40) . Breastfeeding status was assessed at the 9-mo and 2-y parent interviews. Duration was censored at the childÕs age at the 2-y interview if the mother indicated that she was still breastfeeding. We categorized breastfeeding duration for descriptive purposes and natural log-transformed it due to non-normality for models, where it was treated as a continuous variable. 3 Assessed when children were~4 y. 4 Weight change from prepregnancy assessed when children were~5 y. 5 Based on principal component analysis with maternal smoking during pregnancy, exercise, and weight change from prepregnancy, child sugar-sweetened beverage and fastfood consumption, and screen time.
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Statistical analysis. We computed weighted proportions or means 6 SE for all variables and assessed differences across prepregnancy BMI category using chi-square statistics for proportions and ANOVA for continuous variables. We used ordinary least squares regression to estimate the independent association between GWG and child BMI Z-score across the entire range of GWG data, with the reference set at the midpoint of the 2009 IOM/NRC recommended range for each BMI category. Given the IOM and NRCÕs stated interest in examining nonlinearity in the associations between GWG and long-term outcomes (1) and that some prior studies have observed a nonlinear relationship (41), we included a quadratic term for GWG in all of our models. We tested and confirmed a statistical interaction among GWG, GWG 2 , and prepregnancy BMI category for the adjusted association with child BMI Z-score using a multiple partial F-test with 6 df (P = 0.10) and therefore stratified all analyses. Although the quadratic term for GWG was not significant within all prepregnancy BMI categories, we retained it in all models for consistency. A multiple partial F-test with 2 df was used to assess overall P value for GWG and GWG 2 . We present regression coefficients per 5 kg GWG for 5 models. Model A presents the crude association, and model B is adjusted for sociodemographic covariates only. We additionally adjusted for family lifestyle in model C to demonstrate any independent effect lifestyle has on the estimates. The estimates from this model represent the total effect of GWG on child adiposity and do not differentiate the indirect and direct effects. Model D includes birth-weight-for-gestational-age, the natural log of breastfeeding duration, sociodemographic variables, and the lifestyle score. The estimates from this model represent the direct effect of GWG, independent of its effect on birth weight.
Based on our a priori conceptual model ( Fig. 1) , we used MVPA to further examine the decomposition of the total effect of GWG on child BMI into direct and indirect effects. MVPA is an extension of linear regression that allows for the simultaneous estimation of direct and indirect effects. All endogenous variables were modeled continuously and we centered and rescaled GWG to stabilize the covariance. As with the ordinary least squares regression, we stratified by prepregnancy BMI, included the quadratic term for GWG, and adjusted for the set of covariates. We compared model fit with and without the direct effect of GWG. MVPA model fit was determined by considering multiple goodness-of-fit indices, namely, the model chi-square, the root mean square error of approximation, the comparative fit index, the Tucker Lewis index, and the Akaike Information Criteria (42) . Due to the differing utility of each index (43), we simultaneously considered each index when examining fit of the various models. With the exception of obese mothers, where there was little difference between models, MVPA models with the direct effect of GWG on child BMI Z-score fit the data better. For consistency, we estimated all MVPA models with the direct effect of GWG on child BMI Z-score for all prepregnancy BMI groups. We plotted the total, direct, and indirect effects of GWG for each prepregnancy BMI group.
Data analysis was performed using SAS version 9.2 (SAS Institute) and Mplus version 6.1. We considered P values < 0.05 significant for main effects and P < 0.15 significant for multiplicative interactions due to the low power associated with tests of heterogeneity (44) . All SE were estimated with Taylor Series approximations to account for the multistage, stratified, cluster design of the ECLS-B. This analysis was reviewed by a human participants coordinator at the CDC and determined not to involve human subjects.
Results
Among those not lost to attrition, we compared records retained in the analytic sample (n = 3600) with those excluded due to incomplete data (n = 700). Mothers in the analytic sample were older (27.3 6 0.2 vs. 26.6 6 0.3 y; P = 0.046) and were more likely to be non-Hispanic white (62.7 vs. 56.6%; P = 0.002), married (69.7 vs. 62.4%; P = 0.004), more educated (13.1 6 0.1 vs. 12.0 6 0.2 y; P < 0.001), to have not used Special Supplemental Nutrition Program for Women, Infants, and Children services during their pregnancy (60.9 vs. 47.0%; P < 0.0001), to have breastfed longer than 6 mo (34.8 vs. 25.3%; P = 0.004), and to be normal weight prior to pregnancy (57.5 vs. 45.6%; P < 0.001); and the children had a lower BMI Z-score at 5-y (0.67 6 0.02 vs. 0.81 6 0.06; P = 0.028) compared with those excluded from the sample due to incomplete data. No other significant differences between those excluded due to incomplete data and those retained in the analytic sample were detected across study variables (data not shown).
In the final sample, 4.7% of mothers were underweight, 57.5% were normal weight, 24.6% were overweight, and 13.2% were obese prior to pregnancy. At the 5-y interview, children were a mean age of 65 mo (range 57-74 mo) and 1.7% were underweight, 63.9% were normal weight, 18.6% were overweight, and 15.8% were obese. Several participant characteristics differed significantly across maternal prepregnancy BMI categories ( Table 1) .
The associations between GWG and child BMI Z-score at 5 y stratified by prepregnancy BMI status are presented in Table 2 . Regression estimates from model C were plotted in Figure 2 and represent the overall adjusted association between GWG and child BMI Z-score.
MVPA model estimates indicated that across all prepregnancy BMI categories, there was a positive association between GWG and infant birth-weight-for-gestational-age (data not shown). With the exception of children of underweight mothers, birth-weight-for-gestational-age was positively associated with child BMI Z-score. No significant associations were observed between birth-weight-for-gestational-age and breastfeeding duration or between breastfeeding duration and child BMI Zscore. Figure 3 shows that for normal and overweight mothers, the direct effect is stronger than the indirect effect.
We performed a sensitivity analysis excluding mothers with hypertension, as reported on the childÕs birth certificate. No meaningful differences were observed in the estimates (data not shown).
Discussion
We used a contemporary, nationally representative cohort to examine the relationship between GWG and child adiposity measured at 5 y. We observed heterogeneity by maternal prepregnancy BMI status. There was a significant overall association between GWG and child adiposity among normal and overweight mothers only, such that child BMI Z-score increased significantly with GWG above the midpoint of the current IOM/ NRC recommendations. Heterogeneity by prepregnancy BMI is consistent with the well-documented interaction between GWG and prepregnancy BMI with respect to short-term obstetric outcomes (1) and is supported by most of the recent studies examining child anthropometric outcomes and GWG (15, 17, 18, 24, 25) . Notably, we found that among all prepregnancy BMI groups, there was no association between low GWG and child adiposity. This suggests that lowering GWG recommendations may not lower child BMI; however, prevention of excess GWG among normal weight and overweight mothers may be an important strategy for the prevention of childhood obesity.
We examined how the overall association between GWG and child BMI Z-score was decomposed into direct and indirect effects. The direct effect not mediated through birth weight was significant among normal-weight mothers only; however, there was a suggestion that there may be a direct effect among overweight mothers as well. Thus, excess GWG may have a lasting effect on child adiposity independent of its effect through birth weight, which was a much smaller component of the overall association with child BMI Z-score. Previous studies have found that excess GWG is associated with poor dietary quality (11) and an unfavorable inflammatory and hormonal intrauterine metabolic environment (4), which may be associated with developmental programming of obesity. Specific evidence from animal studies suggest that overnutrition during pregnancy is associated with altered fetal adipogenesis, appetite control, and possibly even a preference for high-fat, high-sugar foods (6) (7) (8) . We hypothesize that the direct effect was not observed among obese mothers given the intrauterine metabolic environment associated with maternal prepregnancy obesity (45) and there- fore the direct effect may be masked by the competing risk associated with high prepregnancy BMI.
Our findings were independent of maternal sociodemographics and family lifestyle. Accounting for lifestyle as a confounder of the association between GWG and child adiposity was important given that maternal lifestyle is strongly associated with GWG (10,12) as well as child lifestyle and obesity (13, 14) . We controlled for lifestyle through the use of a composite score developed using various indicators of an unhealthy maternal and child lifestyle. A higher composite score correlated with unhealthier lifestyle behaviors. Although this variable was developed independently of maternal prepregnancy BMI, we found that it was significantly different across maternal BMI groups, with the lowest scores among normal-weight mothers and the highest scores among obese mothers. The inclusion of the family lifestyle score slightly attenuated the association between GWG and child BMI Z-score among overweight mothers. In addition, by stratifying by prepregnancy BMI status, we partially controlled for shared lifestyle and genetics associated with adiposity (46). We could not, however, control for confounding due to genetic factors related to GWG, but the evidence supporting common genetic factors between excess GWG and child adiposity is less strong (47, 48) .
We did not observe a significant association between GWG and childÕs BMI Z-score among underweight mothers. Only a small proportion of mothers were underweight prior to pregnancy and when measured at 5 y, most of their children had a healthy, normal weight. In contrast, a large proportion of children born to obese mothers were either overweight or obese at 5 y. The lack of an overall association between GWG and childÕs BMI Z-score may reflect the many factors contributing to childhood obesity among children born to obese mothers (7, 46, 49) or that the total effect can be detected only when assessed at more proximal time points (41) . Our principal finding of no overall association among obese mothers should not be interpreted as suggesting that obese mothers can gain across the entire spectrum of GWG, because excess GWG in obese mothers has many other adverse consequences such as macrosomia and cesarean delivery (1) .
Our study used a contemporary, diverse, population-based cohort to examine the relationship between GWG and child adiposity at 5 y. Our results are strengthened by the fact that in this cohort, child BMI was obtained from height and weight measured at least twice by trained fieldworkers and have been shown to have high reliability (34) . Also, GWG in this study was obtained from the birth certificate for >80% of the cohort. The birth certificate has previously been shown to be a reliable source of GWG (50, 51) . We used a quadratic model to allow for the flexibility to detect a J-shaped or U-shaped relationship between GWG and child BMI Z-score. Some previous studies have suggested an increased risk of child obesity with low GWG (19, 24) , although our results suggest that there is no adverse or beneficial effect of low GWG. In the absence of this quadratic term, we would have concluded that, among normal-weight and overweight mothers, low GWG was associated with a decrease in child BMI Z-score. Last, we used MVPA, which provided a more detailed decomposition of the direct and indirect effects.
Our study is not without limitations. First, although it is based on a nationally representative cohort, as with most longitudinal studies, there was attrition in the sample. Although we do not have data on the reasons that families may have chosen to discontinue participation, all data were weighted to account for attrition and maintain a study sample with demographics similar to the target population. Also, our analytic sample included a greater proportion of records of mothers who tend to have better obstetric outcomes than those who were excluded due to missing data; however, it is unclear if, and to what degree, this may have biased our findings. We calculated prepregnancy BMI from maternal weight that was self-reported by mothers at the 9-mo interview. Mothers may have differentially underreported their prepregnancy weight and, even though it is possible that they were misclassified, prior studies have found that although some mothers are misclassified, the association with prepregnancy BMI and obstetric outcomes was not meaningfully different (52) . It is possible that we lacked adequate power to detect an association between GWG and child adiposity among underweight women (n = 250). Although we used MVPA to examine direct and indirect effects, as with any observational study, the presence of direct and indirect effects does not necessarily imply causality. Also, MVPA assumes that all variables are free of measurement error (42) . Whereas we know that the ECLS-B measurements of child height and weight were highly reliable (r = 1.000) (34) , it is unclear if measurement error among other variables may have biased our results. Last, we have considered lifestyle to be a confounder of these associations; however, it is possible that GWG may affect postpartum lifestyle and therefore lifestyle may alternatively be a mediator. We have presented all associations with and without lifestyle in the model. Furthermore, although we included many maternal and child variables in our composite score for family lifestyle, there may be other important variables. In our study, we did not have any data on maternal diet or exercise either before or during pregnancy.
The current GWG recommendations were established primarily for the purpose of optimizing birth weight and other short-term obstetric outcomes. At that time, data were insufficient to support child adiposity as an influential outcome (1). Recently, there has been concern that recommendations may be too high given the current obesity epidemic (53) . On the other hand, with respect to child adiposity, our data, in accord with other studies (15, 17, 18, 23) , suggest that there is no benefit of low GWG; however, low weight gain should not be considered benign in the context of other outcomes, particularly small-forgestational-age (1). In addition, excess GWG was associated with an increase in child adiposity among normal and overweight mothers. We also found that a large proportion of women gained more than the IOM/NRC-recommended GWG ranges, with the greatest proportion (61%) among mothers who were already overweight. Our study provides the first nationally representative estimates of the proportion of women who gain excessively during pregnancy. Determining how to prevent excess GWG is a critical next step given the increased risk for adverse short-term obstetric outcomes (1) . As indicated by our study, among children born to normal-weight and overweight mothers, excess GWG was associated with a modestly increased BMI Z-score at 5 y. It is important to note that obesity in young children has been shown to be highly predictive of adult BMI (54) and thus early prevention is critical. Some diet and physical activity trials have been successful in the prevention of excess GWG (55); however, most have not been powered to examine the effect on outcomes.
Our study adds to the literature by supporting the association between GWG and child adiposity, specifically among normalweight and overweight mothers. Although current recommendations were primarily established for short-term outcomes, our data suggest that these recommendations may also have a beneficial reduction in later child adiposity and do not provide support for reducing the amount of pregnancy weight gain that is recommended. Regardless of maternal prepregnancy BMI, prevention of excess GWG is important for short-term birth outcomes (1) and may be a strategy in the prevention of childhood obesity.
